This study updates the projection of global warming impact on rice production in Japan using five coupled Atmosphere-Ocean General Circulation Model (AOGCM) products under the SRES A1B scenario. Projection of daily maximum and minimum temperatures and daily total solar radiation for each AOGCM product are fed to a regional-scale rice model by which the rice heading day and yield are simulated. Most climate model results show that while the heading day becomes significantly earlier, the yield mostly remains in the range of interannual variability of the present climate. Projected future yield shows a distinct pattern of increase in the northern Japan and decrease in the southwestern Japan, with exception in parts of Kyushu. Projected yield change in the central Japan differs depending on the location of the prefecture. The trend of change in yield is consistent among simulation years in the northern and central Japan whereas it varies year-to-year in the southwestern Japan. The variance in yield over southwestern Japan possibly becomes larger due to heat stress as a result of global warming.
Introduction
It is highly concerned that the rice growth and production may be subject to dramatic change due to the future global warming. Rice is a basic crop in eastern and south-eastern Asia where it is the most populous area in the world. A reliable future projection is crucial in determining what measures we can take in mitigating the impact of global warming and securing the food production in these areas. Japan has a reliable accumulation of rice phenological data and socio-economical data related to rice production infrastructure. It is expected that development of such mitigation framework will be fundamental not only to Japan but in application to other Asian countries as well.
According to the impact projections based on the IS92A scenario presented in the Intergovernmental Panel on Climate Change (IPCC) Second Assessment Report (IPCC 1995) , crop model simulations show large changes in rice production in Japan. Previous studies based on the data of four coupled Atmosphere-Ocean General Circulation Model (AOGCM) data which were downscaled by an interpolation technique showed that rice yield decreases in the southwestern part of Japan and increases in the northern part (Nakagawa et al., 2003 , Yokozawa et al. 2003 . Other AOGCM study showed that the rice growth period is shortened in current major source areas and cultivatable area shifts northwards (Toritani et al. 1999) .
Rapid progress in AOGCMs has allowed finer spatial resolution and higher reproductivity of present climate since the time of the IPCC Third Assessment Report (TAR; IPCC 2001) . On the other hand, advancements in the crop phenology allowed us to incorporate the combined effect of high temperature and high CO2 concentration during the flowering period on grain sterility of rice into the rice models. The flowering period roughly corresponds to the heading day, and rice production is quite sensitive to heat stress during this period. Previous studies underestimate the negative impact of global warming on rice production due to the absence of such combination effect in the rice model. Other advancements in the rice model allow for incorporating the regional-scale crop parameterization to estimate the typical rice growth and yield in a prefectural scale, which helps to reduce the estimation error inheritable in the gap between the spatial resolution of climate model and that of the rice model. This study aims to update the impact projection of global warming on the rice production in Japan through the results of five state of the art AOGCMs and a newly developed regional-scale rice model.
Data and methods

1 Use of climate model products
AOGCM data utilized in this study are provided by the Program for Climate Model Diagnosis and Intercomparison (PCMDI) for the upcoming IPCC AR4. To highlight the impact of climate change under increased anthropogenic greenhouse gases, we compared the output from the SRES-A1B scenario to that of the 20th Century Climate in Coupled model run (20C3M). SRES-A1B is a realistic forcing scenario assuming a balance in energy uses, with rapid economic growth and increased globalization. CO2 concentration increases up to 720 ppm by the year 2100 which is then stabilized. On the other hand, level of anthropogenic forcing used in the 20C3M scenario is based on the historical data from the late 19th century and the 20th century.
In this study, we use the 3-hourly dataset of surface temperature and downward longwave/shortwave radiation to calculate the daily maximum/minimum temperature and daily insolation. The availability of 3-hourly data is restricted to 1991 2000 in the 20C3M scenario and a few snapshots ranging from 2050 to 2300 under the SRES-A1B scenario. Daily maximum/minimum temperatures are calculated directly from the 3-hourly surface temperature and total solar radiation is calculated by integrating the downward longwave/shortwave radiation for each day. We interpolated the grid value of the AOGCM data based on the method proposed by Yokozawa et al. (2003) . We used a bi-linear interpolation with temperature adjusted to reflect the altitude. The output was conformed to the Digital Numerical Land Information grid points (provided by the Ministry of Land, Infrastructure and Transport of Japan), in which the grid spacing is 30 second in latitude and 45 second in longitude.
In order to reduce the climate model bias, AOGCM data are corrected as follows. First, daily anomaly components of the projected data are obtained as deviations from 10-year climatological mean values of the model products assuming 20C3M scenario, which is the simulation of the current climate by the same AOGCM. The climatologoical mean values are obtained daily through the year. Then, the corrected daily data are obtained by the sum of the daily anomaly components and the 25-year climatological mean observational datasets provided by the National Institute for Agro-Environmental Sciences (NIAES; Seino 1993). The produced climate datasets contain the climate change components of each AOGCM under the SRES-A1B scenario with their baseline climates constrained to the observational climatological mean.
Model ensemble mean temperatures during the crop season (May to October) rise by 1.7°C in 2050 to 3.7°C in 2300. Increase of maximum/minimum temperatures in July and August is comparable with that of mean temperature. Solar radiations increase through the crop season, and ensemble means increase by 3.4 % in 2050 to 6.2% in 2300.
2 Regional-scale rice model
SIMRIW (SImulation Model for RIce-Weather relationships) is a simplified process model to express the relationship between irrigated rice growth and surrounding weather condition i.e., daily maximum/minimum temperature and daily total solar radiation (Horie et al. 1995; Nakagawa et al. 2003) . SIMRIW has enough capability to reproduce inter-annual variability and spatial distribution of yield and heading day in each prefecture of Japan. Since time period which at and before heading day is most sensitive to heat and cooling stresses respectively, it is important for yield estimation to simulate heading day correctly.
Many impact projection studies use crop models even though there is a large difference in spatial scale between the crop models and climate models. Since most crop models assume a field scale, a regional-scale crop model is required in relating to the spatial scale of the downscaled climate projection. The modified version of SIMRIW used in this study is called "Regional Scale Rice Model". The model includes the response of spikelet sterility to the combination effects of high temperature and high CO2 concentration during the flowering period as suggested by Nakagawa et al. (2003) . The parameters regarding phenology and yield formation are optimized to best fit the typical growth and yield in each prefecture for the past 25 years assuming daily weather data averaged over the paddy field. The detail of Regional Scale rice model will be addressed by Yokozawa et al. (in preparation) . Figure 1 shows the correlation coefficients and Root Mean Square Error (RMSE) between the observational yield and estimated value by the regional-scale rice model based on observational weather data in each prefecture from 1979 to 2003. Observational heading day and yield are obtained from "Crop statistics" provided by the Ministry of Agriculture, Forestry and Fisheries of Japan. The gridded AMeDAS provided by NIAES is adapted as the observational weather data.
The model simulates the inter-annual variability of yield in the present climate very well. The mean correlation coefficient is 0.576 with RMSE of 0.609 t/ha. The heading day is also well simulated (no figure) with mean correlation coefficient of 0.731 with RMSE of 6.907 days. While the model shows enough capability to describe the production response to the change in mean climate, it has several limitations such as a larger RMSE in yield over the northern area, and the lack of damage assessments from irregular events (i.e., typhoon and heavy rain). Figure 2a and 2b show the 54-area mean simulated heading days and yields based on four AOGCMs (five Heading day is earlier by about 3 to 10 days under the SRES-A1B scenario than the present climate. Variability of simulated heading day derived from AOGCM is larger in year 2050 and 2300 than that in other years, but shortening of the time period from planting day to heading day is consistent among all AOGCMs. After year 2100, the model ensemble mean heading days become earlier than the earliest heading day in the present climate.
Changes in heading day and yield due to the global warming
Changes in the model ensemble of 54-area mean simulated yields in Fig. 2b tend to increase by about 0 to 0.5 t/ha compared to the 25-year mean yield in the present climate. Inter-model variability of yields is comparatively larger except for in year 2050. Some AOGCMs project great increase of yield in future years such as GISS model in 2100 and MRI model in 2150, but majority of the models project that future yields increase slightly or stay in the range of inter-annual variability of yield under the present climate.
The heading day mainly depends on the daily mean temperature during the planting day to the heading day. The total yield is heavily dependant on the amount of heat stress and total biomass of rice plant. The former can be quantified by the mean maximum temperature during the flowering period, and the latter is approximated by the accumulation of daily solar radiation through planting to harvest. Thus the change in yield varies depending on the year and the AOGCM used even though the heading day shows a consistent change towards the earlier.
Large difference among model simulated yield (as in year 2100) is due to differences in projected maximum temperature and solar radiation. For example, remarkable increase of total biomass in the GISS model can be attributed to the 4.8 % increase in accumulated solar radiation through May to October, which is larger than the model ensemble mean increase of 3.5 %. In contrast, the GISS model shows only a moderate increase of 2.7°C in mean maximum temperature during July to August, which is equal to the model ensemble mean. Thus, the total yield increases even more due to slight heat stress. In addition, the large increase of yield in the northern Japan cancels the decrease in south-western Japan, which results in an exceptionally large yield for the GISS model.
On the other hand, if we take the result of the MIROC model in 2100 as an example, the increase in accumulated solar radiation is 5.1 % and the increase in July to August mean maximum temperature is 3.9°C. As a result, the increase in total biomass through larger solar radiation is canceled by the amount of damage caused through heat stresses, and the projected yield remains almost same as the present day climate.
Spatial features of change in regional heading day and yield
The model ensemble mean reveals earlier regional heading days all over Japan under the global warming (no figure). Regional heading days in northern part of Japan are 5 to 20 days earlier than that of the present climate and those in central and southwestern part of Japan are 0 to 10 days earlier. Changes in heading day are significantly consistent in all future years. We also confirmed that the projections of regional heading day are consistent among all AOGCMs. Figure 3 shows the model ensemble mean change in regional yield between the SRES-A1B scenario and present climate. The model ensemble includes four AOGCMs in 2150, 2200 and 2300 (five AOGCMs in 2050 and 2100). Filled circles show the consistency among model projections.
In the northern part of Japan, the regional yields tend to increase in all future years except for a part of In central part of Japan, changes in regional yield depend more on the location of prefecture than on the year. Regional yields in several prefectures faced to the Sea of Japan and the Pacific tend to increase in all future years, and those located in the inland tend to decrease. Those changes are consistent in most years, but they vary depending on the models except for the several consistent prefectures. In southwestern part of Japan, changes in regional yield vary through the years. Yields in most part of Kyushu, Chugoku, and Shikoku decrease in year 2100 and 2150 with high consistency among models in 2100. But yields in these areas tend to increase slightly in 2050, 2200 and 2300 with high consistency among them in 2050 and 2300.
Under the global warming condition, constant increase in yield is clear in the northern part of Japan. However, yield in southwestern Japan experiences a mixed response, with slight increase in yield in 2050, 2200, 2300, and significant decrease in 2100 and 2150. The difference in response is due to the difference in projection of solar radiation and maximum temperature among models (i.e., MRI model in 2150 and CNRM model in 2300). Thus, year to year variance in yield over northern part of Japan becomes smaller, possibly due to a shift into a warmer and stable climate condition, with the absence of cool summers observed in the present climate. On the other hand, variance in yield over southwestern Japan becomes larger, due to heat stress during the heading day period.
Concluding summary
We update the impact projection on rice production in Japan based on five AOGCMs using a regional-scale rice model. The rice model simulations are summarized as follows: (1) Model ensemble of 54-area mean heading day tends to be about 5 days earlier in year 2050 and about 10 days earlier after year 2100 in comparison with the current one. (2) Model ensemble of 54-area mean yield in future years increase slightly or stay in the range of inter-annual variability of yield in the present climate. (3) Model ensemble mean regional heading days are earlier than the 25-year mean regional heading day in the present climate with large consistency among all AOGCMs. (4) Model ensemble mean regional yields in northern part of Japan tend to increase and consistency of projection varies from year to year. Changes in regional yields in central part of Japan differ according to the location of prefecture, but the changes in each prefecture are mostly consistent in the future years. In southwestern Japan, significant decrease in yield is simulated in 2050 and 2100, but simulated change in yield is indistinct in other years. The decrease in yield due to heat stress emerges as new hazard in these areas by the result of global warming.
The impact projection depends on the emission scenario strongly. The SRES-A2 may lead more catastrophic influence on the rice production. The SRES-A1B adapted in this study locates in middle range in the emission amount of greenhouse gases. Thus our projection should be interpreted as the moderate level among the scenarios.
An area in which further study is needed is the inclusion of a realistic water resource model into the rice model. For example, decrease in winter snow amount under the global warming scenario may lead to a deficit in available water resource during springtime, which may advert to the rice yield. Another area is the inclusion of an alternation in production technique and infrastructure management as the reflection of realistic socio-economic scenario. These, among other issues, are to be addressed in future papers.
